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The earliest history of the Moon is poorly preserved in the surface geologic record due to the high flux of impactors, but aspects of that history may be preserved in subsurface structures. Application of gravity gradiometry to observations by the Gravity Recovery and Interior Laboratory (GRAIL) mission results in the identification of a population of linear gravity anomalies with lengths of hundreds of kilometers. Inversion of the gravity anomalies indicates elongated positive-density anomalies that are interpreted to be ancient vertical tabular intrusions or dikes formed by magmatism in combination with extension of the lithosphere. Crosscutting relationships support a pre-Nectarian to Nectarian age, preceding the end of the heavy bombardment of the Moon. The distribution, orientation, and dimensions of the intrusions indicate a globally isotropic extensional stress state arising from an increase in the Moon's radius by 0.6 to 4.9 kilometers early in lunar history, consistent with predictions of thermal models. P lanetary gravity analyses have been limited historically to large-scale features associated with high contrasts in density, due to the low resolution and low signal-to-noise ratio of the data. As a result, small-scale subsurface structures such as faults and dikes that have been inferred from their surface expressions have not been resolved in the gravity field, and structures lacking a direct surface manifestation have been largely undocumented. This situation has posed a challenge for studies of the early evolution of the Moon, because the near saturation of the surface by impact craters has erased much of the geological record from the first~700 million years (My) of lunar history (1) , spanning the critical period of time between the solidification of the lunar magma ocean and the end of major impact basin formation~3.8 billion years ago (Ga) (2) . Data from the Gravity Recovery and Interior Laboratory (GRAIL) mission (3) now permit the expansion of the gravity field to spherical harmonic degree and order 420 (model GL0420A), corresponding to a half-wavelength resolution of 13 km at the lunar surface (4). This resolution is sufficient to resolve short-wavelength density anomalies, such as intrusions that have a higher density than the surrounding rocks and faults that offset layers of differing density.
Here, we apply the technique of gravity gradiometry to the GRAIL gravity field, using the second spatial derivatives of the gravitational potential to highlight short-wavelength features associated with discrete structures (5) . In terrestrial applications, gradients are typically measured directly by a three-axis gradiometer on an aerial or satellite-borne platform (5, 6), but in our work, we calculated the gradients from the potential field. To emphasize subsurface structures, we used gradients of the Bouguer potential (calculated as the difference between the measured gravitational potential and the potential arising from the effects of topography) (4). We then calculated the maximum amplitude of the second horizontal derivative of the Bouguer potential at each point on the surface [Γ hh , measured in Eötvös units (E), where 1E = 10 −9 s −2 (7)]. The resulting horizontal Bouguer gradient map (Fig. 1 ) displays a rich array of short-wavelength structures in the lunar crust.
The dominant features in the gradient map are the ring structures surrounding the large impact basins. These rings are also observed in the Bouguer gravity ( Fig. 1A ) (4), but they are resolved in the gradient map as discrete structures. Outside of the basins, a large number of irregular small-scale anomalies are observed with typical values of ±10E, probably arising from small-scale density anomalies in the upper crust associated with variations in composition or porosity. In addition, a number of elongated linear gravity anomalies (LGAs) characterized by negative gradients stand out clearly above the background variability. Four of the LGAs have lengths exceeding 500 km (Fig.  2) . These anomalies closely follow linear paths (great circles) across the surface to within root mean square deviations of 1 to 3% of their lengths. Inspection of the most distinct LGAs yields 22 probable anomalies with a combined length of 5300 km and an additional 44 possible anomalies with a combined length of 8160 km for a total length of 13,460 km (Fig. 1C ). An independent automated algorithm identified 46 anomalies with a combined length of 10,600 km (7). Such markedly linear structures in natural geologic systems are typically associated with faults or dikes. Averaged profiles of the Bouguer gravity anomaly perpendicular to the lineations show these structures to be associated with narrow positive-gravity anomalies (Fig. 3) , indicating subsurface structures of increased density consistent with the interpretation that the features are mafic igneous intrusions.
We used a Monte Carlo approach to invert the average Bouguer gravity profiles across the LGAs for the physical properties of the subsurface density anomalies, treating them as tabular bodies of unknown top depth, bottom depth, width, and density contrast (7) . A continuous set of solutions exists with comparable misfits to the data, as a result of the fundamental nonuniqueness of potential field data with respect to subsurface structures. From the variability in the gravity profiles, we also determined the 95% confidence intervals of the model parameters. For one of the best-defined anomalies (LGA-1) ( Fig. 2A) , the best-fit solutions have density contrasts of 160 to 960 kg m −3 in bodies with widths of 5 to 25 km extending between a top depth of 10 to 15 km and a bottom depth of 76 to 91 km ( Fig. 3 and Table 1 ). The top depth may correspond to either the top of the intrusion or the maximum depth of impact brecciation and gardening, above which the density contrast would become less distinct. Similarly, the bottom depth may correspond to either the base of the intrusion or the depth of the crust-mantle interface, below which the density contrast between the intrusion and the host rocks would decrease markedly. For LGA-2, a shallow top depth is suggested by the observation that the 116-km-diameter impact crater Roche, excavating the crust to a depth of~7 km and brecciating it to greater depths, results in a modest reduction in the magnitude of the anomaly, whereas smaller craters have no effect (Fig. 2) .
The dimensions of the anomaly sources can be further constrained with the use of independent constraints on the density contrast. The mean density of the upper crust derived from GRAIL is 2550 ± 250 kg m −3 (8) . Although the composition of the intrusions is unknown, representative values can be taken from the measured densities of lunar igneous rocks of 3100 to 3350 kg m , the best-fit solutions for LGA-1 collapse to a point in parameter space, with widths of 7.6 and 5.3 km, respectively (Table 1) . However, the bottom depth (85 to 86 km) for these solutions is probably deeper than the base of the crust, below which the reduced density contrast would contribute little to the observed gravity. If the base of the density anomaly is constrained to be 40 km, comparable to the mean crustal thickness (8), the best-fit widths for density contrasts of 550 and 800 kg m LGA-3 requires a greater width of 13 to 18 km or 49 to 82 km with the bottom depth constrained to 40 to 60 km, in keeping with the greater width of the gravity anomaly.
Although the lengths and linearity of the density anomalies are similar to those of giant dike swarms on Earth, Mars, and Venus, their widths greatly exceed typical dike widths of tens of meters (10, 11) . Vertical tabular intrusions with aspect ratios similar to those proposed here can form by diapirism when the viscosity contrast between the magma and host rock is in the range of 10 6 to 10 8 (12) . For mafic intrusions, this low viscosity contrast would require either a partially crystalline intrusion or a highly ductile or partially molten host rock. The source of the gravity anomalies may be analogous to the Great Dyke of Zimbabwe, which probably formed as a result of shallow intrusive activity during ancient rifting (13) . This elongated layered ultramafic intrusion measures 550 km in length, 3 to 11 km in width, and up to 12 km in vertical extent (13, 14) . Intrusive bodies of similar scale have been inferred to exist beneath the Valles Marineris region of Mars on the basis of collapse features (15) , formed in response to lithospheric extension and intrusion (16) . Alternatively, narrow swarms of closely spaced dikes (17) can match the gravity anomalies but would require tens to hundreds of dikes confined within zones less than~40 km wide that extend over distances of hundreds of kilometers. Similar narrow dike swarms with lengths up to 100 km form above elongated axial magma chambers in rifts on Earth (18) . A combination of the above processes may be responsible for the anomalies, with a single vertical tabular intrusion forming in a partially molten lower crust, sourcing a swarm of closely spaced dikes in the more brittle upper crust. The large bottom depths from the inversions permit the intrusions to extend into the mantle, as would be required if the rise of magma were governed by neutral buoyancy (19) . Although the specific nature and formation mechanism of the intrusions remains uncertain, some form of intrusive activity in a horizontally extensional stress regime is indicated by all of the analogous structures.
Lunar dikes previously inferred from geological analyses (20) are not detected in the gravity data. This result is not surprising, because isolated dikes with widths of up to tens of meters would have gravity anomalies two orders of magnitude smaller than these LGAs. A linear magnetic anomaly interpreted as a dense swarm of dikes on the floor of the South Pole-Aitken basin (17) is not evident in the gravity gradients but is associated with a broad positive Bouguer gravity anomaly where it extends outside of the basin (7). This anomaly may be consistent with a dense dike swarm, with the lower-density contrast relative to the mafic crust in the floor of the basin possibly accounting for the nondetection there. Alternatively, the poor expression of the magnetic anomalies in the gravity data may Averaged magnetic (22) and topographic (23) profiles across the LGAs generally reveal no correlation of either data set with the gravity anomalies (7) . Forward models of the expected magnetic anomalies require that any magnetization be substantially less than 0.1 A/m for most of the lineations, indicating that the intrusions either have very low magnetic susceptibility or cooled in the absence of an external field. A topographic signature associated with the intrusions might be expected as a result of tectonic uplift, flexural subsidence, graben formation (24), or collapse of the surface into the magma chambers (15), yet none is observed. A number of LGAs are located in cratersaturated areas (Fig. 2) and lack any obvious surface expression in topography, image, or other remote sensing data sets. The absence of a surface expression is consistent with an age for the structures that predates the superimposed crater population and the surface geologic record.
The age of the structures can be further constrained by crosscutting relationships. Several linear anomalies are observed radial to the South Pole-Aitken impact basin, which is the oldest basin on the Moon. This radial orientation indicates that the formation of these structures was influenced by the preexisting basin. The lack of a surface signature rules out an origin as rays of dense impact ejecta (7) . A 1000-km-long anomaly (LGA-4) crosses the Crisium basin at an oblique angle (Fig. 2) , but no trace of the anomaly is found within the basin itself. This geometry suggests that this anomaly predated Crisium and that the underlying structure was destroyed within the basin cavity by the impact. This timing is supported by the fact that the intrusion was not deflected by the strong flexural stresses associated with the premare mascon (25) and later mare load within the basin. By these arguments, the South Pole-Aitken and Crisium basins place the formation of the largest intrusions within the pre-Nectarian to early Nectarian time frame, before the end of the basinforming epoch at~3.8 Ga. This age is consistent with the lunar intrusive activity between 4.2 and 4.5 Ga that was responsible for the formation of the plutonic Mg-suite rocks (26), though it is not possible to directly link these intrusions to any particular rock type with the use of gravity data alone.
Tabular igneous intrusions form perpendicular to the most extensional principal stress direction (27) , leading to the formation of vertical dikes in a horizontally extensional stress field and sills in a horizontally compressional stress field. LGA-1. The predicted gravity anomalies from the best-fit vertical tabular intrusions for density contrasts (Δr) of 550 and 800 kg m −3 are shown for comparison (overlapping gray and dashed black lines, respectively). Table 1 . Density contrast (∆r), width (w), top depth (z top ), and bottom depth (z bot ) from the inversion of LGA-1, including the best-fit range in parameters and the 95% confidence intervals (C.I.) for the full inversion (7) and the best-fit (±95% C.I. range) solutions for assumed density contrasts of 550 and 800 kg m Although local flexural stresses or structural control can alter the orientations of intrusions (7), the
LGAs are distributed uniformly across the Moon and show no clear preferred orientations or association with known flexurally supported loads. This pattern indicates largely isotropic horizontal extension, as would be expected to arise from global expansion. However, the lunar lithosphere is thought to have been in a state of compression throughout most of its history as a result of interior cooling and global contraction (28) . Superimposed stresses associated with the outward migration of the Moon, with or without contemporaneous true polar wander, are similarly inconsistent with the locations and orientations of the LGAs (7, 29) . At the time of the intrusive activity inferred here, the lithosphere must have been in a horizontally extensional stress state to accommodate the inflation of the vertical tabular intrusions. Taking the total length of the probable intrusion population of 5300 km and the typical best-fit widths of 5 to 40 km, the resulting horizontal extensional strain of 0.035 to 0.27% equates to an increase in the lunar radius by 0.6 to 4.8 km.
However, this estimate is complicated by the possibility of viscous accommodation of some of the growth of the intrusions or lithospheric extension not accompanied by intrusive activity that would go undetected by GRAIL. Such a period of early extension was predicted by some thermal history models (28), developed to account for the absence of a global population of large thrust faults on the Moon similar to those found on Mercury. The thermal models best matched that constraint with an initial condition that included a 200-to 300-km-deep magma ocean and a cooler deep interior, leading to coupled warming of the interior and cooling of the outer shell, with net expansion in the first billion years followed by modest global contraction. Cooling and contraction of the lunar lithosphere could also have contributed to extensional strain at the depths of these intrusions within the first few tens of millions of years after lunar crustal formation. This thermal inversion may be a natural outcome of the post-accretional temperature profile of the Moon (30) . Thermal history models that satisfy the constraint of <1 km decrease in radius over the past 3.8 billion years (Gy) also predict 2.7 to 3.7 km of global expansion during the first~1 Gy, with the highest rates occurring during the first 0.5 Gy (28), consistent with our proposed period of expansion. The amount of predicted expansion is sensitive to the depth of the magma ocean and the initial temperature of the deep interior. However, no direct geological evidence for this early expansion has previously been found, as a consequence of the intense cratering of the surface at that time. This earliest epoch of lunar expansion is now revealed by GRAIL gravity data, which allows us to see through the surface geology to the hidden structures beneath. This result places a constraint on lunar evolution and raises important questions regarding the early evolution of other terrestrial planets, because the first~700 My of planetary evolution is poorly preserved in the geological records of all planets. Piperidines are prevalent in natural products and pharmaceutical agents and are important synthetic targets for drug discovery and development. We report on a methodology that provides highly substituted piperidine derivatives with regiochemistry selectively tunable by varying the strength of acid used in the reaction. Readily available starting materials are first converted to dihydropyridines via a cascade reaction initiated by rhodium-catalyzed carbon-hydrogen bond activation. Subsequent divergent regio-and diastereoselective protonation of the dihydropyridines under either kinetic or thermodynamic control provides two distinct iminium ion intermediates that then undergo highly diastereoselective nucleophilic additions. X-ray structural characterization of both the kinetically and thermodynamically favored iminium ions along with density functional theory calculations provide a theoretical underpinning for the high selectivities achieved for the reaction sequences.
Proton Donor Acidity Controls
P iperidines are saturated, nonplanar nitrogen heterocycles upon which the display of functionality has provided some of the most well-known pharmaceuticals, as exemplified by traditional drugs such as quinine, morphine (and its many synthetic analogs such as oxycodone), as well as a number of more recent blockbusters, including plavix for the treatment of stroke, cialis for erectile dysfunction, and aricept for Alzheimer's treatment (Fig. 1A) (1). The physical properties and therapeutic importance of the piperidine scaffold are consistent with recent retrospective analyses of drugdiscovery research suggesting that renewed emphasis should be placed on the preparation, evaluation, and development of compounds with
